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Abstract
Background:

Physics‐based vascular modelling is an essential issue to be addressed

in the development of the endovascular interventional surgery training system, which
helps to shorten the training period of novice surgeons to obtain dexterous skills of
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surgical operation.
Methods:

A blood vessel model based on tensor‐mass method (TMM) is formulated

and implemented in this context. A multimodel representation is adopted for the vascular model, including the mechanical, visual, and collision model. Triangular and tetrahedral TMM are formulated and implemented in Simulation Open‐source
Framework Architecture (SOFA). An extensional formulation and analysis of two typical methods are implemented in SOFA. Meanwhile, a set of experiments were conducted to test the refresh rate, the stability, and the visual realism of the vascular
deformation simulation, integrating with TMM, mass‐spring model, and finite element
method.
Results:

The experimental and subjects' testing results prove that TMM outper-

forms the current physically based methods in realistic and real‐time vascular deformation simulation, which provides a refresh rate up to 256 frame per second on a
triangular vascular topology.
Conclusions:

The vascular model presented herein provides a fundamental module

meeting the real‐time and realistic requirements of our endovascular interventional
surgery simulator.
KEY W ORDS

physically based vascular deformation, simulation open‐framework architecture (SOFA), tensor‐
mass method (TMM), virtual reality simulator
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I N T RO D U CT I O N

efficient approach to treat vascular diseases. Compared with traditional manual interventional surgical operation, many types of

Recently, endovascular interventional surgery is widely performed

robotic‐assisted interventional surgery operating system have been

for cardiovascular and cerebrovascular diseases, which is increasing

developed according to a conceptual master‐slave framework in

with fast pace of modern life. A novel and emerging medical tech-

Figure 1.

nique, minimally invasive surgery, which causes less trauma and

It consists of three parts: master controller, slave manipulator, and

shortens the recovery period by inserting the interventional catheter

VR training system. This kind of medical surgery requires surgeon's

and guidewire into patient's femoral artery, is an effective and

totally precise operation, which only can be skillfully obtained by
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The virtual reality (VR)‐based interventional surgery training simulator

repeated training for years. Furthermore, this type of medical training

identification algorithm for MSM‐based vascular model,11 and they

is time‐consuming and inefficient for the technique is hard to be

extended their work on how to formulate to get a set of accurate and

totally obtained. As illustrated in Figure 1, virtual reality (VR)‐based

efficient coefficients in another paper.9 Patete et al contributed to con-

surgery training system could be an indispensable and promising way

structing the MSM‐based model of female breasts.12 There could be

to overcome these problems.1-4 There are many researchers studying

more complicated supplements to be added to the formulation of

5

the robotic‐assisted interventional surgery operating system. How-

MSM for realism, such as anisotropic property of soft tissue to take into

ever, limited to the performance of the computer and hardware, as a

consideration in the reference by Gao et al.13 Finite element method

part of the robotic system, VR‐based surgery training system has not

(FEM), which is based on continuous mechanics, divides the virtual

been fully and perfectly studied to achieve real time and realism.

model into plenty of discrete and nonoverlapped primitives to be

There are still many issues to be addressed in this field. For instance,

analysed theoretically. Even though, FEM is more precise because of

realistic and relatively precise deformation simulation depends on

its physics‐based parameters according to the property of real anatom-

the proper and accurate physics‐based mechanical model of the soft

ical organs, it leads to large amount of iterative computation per frame.

tissue, which will increase the burden to central processing unit

To address such problems, many solutions were proposed to relieve the

(CPU) and decrease the computing efficiency and reduce the real‐time

overload of computation.14,15 The physical modelling method for the

performance of the VR‐based training system. Not only visual render-

vessel in our VR training system is tensor‐mass method (TMM), which

ing and computation, but also the haptic rendering process, the data

is an alternative to the FEM model and make the deformation more real

transmission frequency and synchronization between refresh rate of

time at the same time.

image and hardware are also essential to achieve a real‐time and consistently realistic VR‐based surgery training system.

In our master‐slave–based intravascular interventional surgery
training system, we devoted to three aspects of contribution. Firstly,

With the development of the graphic technique and hardware

we adopted the triangular TMM and tetrahedral TMM to reconstruct

advancement, there are more researchers devoting to the development

the surface model and volumetric vessel model with vascular wall in

and improvement of the VR‐based interventional surgery training sys-

real time. Secondly, an implicit integral method, allowing large time

tem.6-10 As a core part of the simulation system, mechanical modelling

steps, was deduced and used to formulate to solve the velocity and

of the vessels has been widely studied, which gets involved with phys-

displacement of the whole vascular model governed by the second

ics‐based mechanical modelling method of mesh or without mesh.

Newton's law. Thirdly, the tensor‐mass and other physical modelling

Mass‐spring model (MSM), which is based on the Hook's law, is more

method such as MSM and FEM model were also implemented on tri-

efficient and always shows a real‐time performance due to its simplicity.

angular and tetrahedral mesh, respectively, to validate the advantages

Some researchers are dedicated to the improvements of MSM to

of TMM on real‐time and realistic performance.

enhance its adaption to medical simulation according to its mechanical

The remainder of this paper is organized as follows. Section 2 for-

properties. For instance, Wang et al proposed a mechanical coefficients

mulates and compares the tensor‐mass and other two physically based
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methods and presents an implicit integral method and linear solver to

the relevance of TMM for the real‐time simulation of laparoscopic sur-

solve the system, after which a technique framework is described in

gical gestures on the liver, which was modelled by using tetrahedral ten-

detail. Then, the experiments to verify the stability and reliability, as

sor.24 The tetrahedral TMM has also been integrated to the simulation

well as the comparison of simulation on TMM to MSM and FEM, are

system and improved in the liver physical modelling.25-27 To accelerate

presented in Section 3. Finally, the conclusion and discussion, as well

the computation of the simulation, there also exist many studies

as the future work are discussed in Section 4.

devoted to the parallel computation of the simulation, such as graphics
processing unit (GPU)‐based framework.28

2

2.2

MATERIALS AND METHODS

|

TMM in physical simulation

|

In vascular deformation simulation for the interventional surgery, we

2.1

|

Previous work

adopted TMM by using the triangular and tetrahedral tensors to the

In the field of medical simulation, there already exist several methods
to model the mechanical behaviour of biological deformable objects.
As for the case of vascular study in physical environment, we have
researched some literatures for the physically based simulation.
The most widely used methods are MSM and FEM. Finite element
method is a continuum mechanics‐based method, which is used to

vascular mesh element, respectively, considering the non‐linearity of
the vascular material and freeform deformation during the process
of surgical operation. As we stated previously, TMM is derived from
FEM, and the deformation of the object could be generally expressed
as the vectorization form of the governing equation of a finite
element26:
n
o

 n o n
€ ¼ Fext − Fint − F damp ;
½M Ug

solve the continuous linear solid system.16 It divides the model into
a cluster of discrete and nonoverlapped primitives that could be

(1)

analysed theoretically, leading to a set of linear equations to be solved
by using an iterative linear solver. Integrating the physical biological
properties into the mechanical formulation, FEM can realistically simulate the dynamic behaviour of the target model, leading to a high
computation time consumption, which limits the use of FEM in interactive medical simulation. Mass‐spring model, another widely used
method, is always the most direct and intuitive model, which allows
real‐time interaction even in complex circumstances for its simplicity
to implement and realize. However, the most proper spring parameters for MSM is difficult to obtain and to adjust once the topology
of the model is modified. There are also some researchers devoting
to the identification of spring parameters for MSM, such as curve
fitting methods, genetic or simulated annealing algorithm, etc.17-19
There are also other approaches to construct the mechanical
model of the vessels for deformation simulation. For instance, Ye

where [M] is the mass matrix of the element; {U} is the displacement
vector of the nodes; and { F

xt

}, { F int}, and { F damp} denote the external

force, internal force, and damping force on a single node, respectively.
Actually, only the displacement vector ΔU could not represent the
deformation of the model. Therefore, the physical behaviour is always
described in terms of the elasticity energy Eelastic of the model. The
F int and its derivation, which are needed in the integration solver to
compute the position xi(t + h) and velocity vi(t + h) with a time step
h forward, will be derived from the elastic energy.
The steps to implement the TMM on each element are as follows:
1. Obtaining the transforming matrix Λ according to the element
type (triangular or tetrahedral) and compute the displacement
vector Ue according to Λ.

et al proposed a fast and stable vascular deformation scheme using

2. Computing the elastic energy Eelastic at each point.

the position‐based dynamic modelling method with volume conserva-

3. Computing the elastic force F int with the derivation of Eelastic.

20

tion constraint.

Tensor‐mass method is a proper candidate to model the soft tis-

To prepare for the implicit solution in Section 2.4 and computa-

sue in the context of interactive physically based simulation for it

tion of the position and velocity at next time step, we should analyse

needs almost equal computation as much as MSM and more realistic

the force and its derivative involved in the integration equation, which

than FEM. It was introduced in 2004 by Delingette et al.21 Actually,

will be discussed in next section.

TMM is derived from FEM and updated to a non‐linear model by
defining a dynamic governing equation on each node based on the
second Newton's law, which is solved by a real‐time iterative
approach. The precomputed method adopted in previous study focus
on linear deformation by linearly combing the local elementary defor22

mation to a global one once the deformation is triggered.

2.3 | Tensor‐mass system for triangular and
tetrahedral vessel deformation
2.3.1

|

Interpolation of one node inside an element

On the

The displacement of a certain node X(x, y, z) in the mesh could be cal-

contrary, TMM could simulate non‐linear properties, such as viscoelas-

culated from the node of the element it belongs to, such as a triangular

ticity, which is one of the biomedical characteristics of the blood ves-

or a tetrahedral element, as shown in Figure 2.

sels and allows large displacement.

The calculation of the displacement of that point inside an ele-

Some literatures have studied the TMM applied on the deformable

ment is accomplished by using a transformation matrix Λ, which is lin-

object simulation. For instance, Mollemans et al presented a maxillofa-

early related to the barycentric coordinates of the triangle or the

cial planning system using tetrahedral mass tensor model.23 Picinbono

tetrahedron, and the calculation (take the tetrahedron for example)

et al, adding to the model incompressibility constraints, demonstrated

could be expressed as:
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The triangular and tetrahedral tensor representation

n

UðXÞ ¼ ∑ Λj ðX ÞUj
j¼1

Λj ðXÞ ¼ αj X þ βj ;


 



αj ¼ ð−1Þj Njþ3 −Njþ2 × Njþ4 −Njþ2 ; βj ¼ ð−1Þj Njþ2 ⋅ Njþ3 ×Njþ4 ;

and ε(V) denotes the strain on the vertex V, which is not available and
(4)

could be non‐linearly deduced from the displacement of the vertex V
and expressed as

where N is the coordinate of the structural node of the tetrahedron
ε¼

(the same as in a triangle). This simple prototype of the element


1 T
∇U ðV Þ þ ∇UðV Þ þ ∇UT ðV Þ∇UðV Þ
2

(7)

deformed in the dynamic simulation always generates a local strainεi
induced by the stress σ on the model and the relationship between

where the ∇U and ∇UT denote the displacement vector and its

the strain ε and the displacement Ui could be non‐linear, which will

transposal, respectively. The second fraction on the right side denotes

be described in the sequel of this section. To calculate the displace-

the non‐linear part of the TMM model representation. The computa-

ment of any point of the model, the position of the structural node

tion and implementation of the elastic energy could be referenced in

are to be computed and obtained at the next time step, which will

Algorithm 1.

be discussed in Section 2.4, and the formulation and implementation
of the model will be discussed in next section.

2.3.2

|

The potential energy of the vascular model

To get a clear and detailed description of the TMM method, we need
to analyse a single tensor. The deformation of a model is customarily
described by the internal elastic energy Eelastic, which is intuitively
induced by the internal force F int and is dependent on the natural
properties on the material. This elastic energy could be quadratically
related to the strain of the model based on the discretization of the
mesh, which can be expressed as29
λ
Eelastic ¼ ðtrεðV ÞÞ2 þ μtr εðV Þ2
2

(5)

where λ and μ are the lame coefficients and is generally expressed
according to the material parameters.
Young's modulus E and poison rate ν, which is expressed as
λ¼

νE
E
;μ ¼
ð1 þ νÞð1−2νÞ
2ð1 þ νÞ

(6)
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2.3.3 | Computation of the internal elastic force and
the derivative force
Actually, the core idea of the physical behaviour model is to compute
the velocity and position next time step, which will be formulated and
implemented in Section 2.4 by using the implicit Euler solver, which
will be solved by the conjugate gradient solver. The elastic force and
its derivation in the integration solution could be derived from the
elastic energy Eelastic, as expressed in
F int ðNi Þ ¼

∂Eelastic ðNi Þ
;
∂Ui

(8)

where Ui is one of the nodes on an element, such as a tetrahedron, and
Eelastic is the energy of deformation on the tetrahedron evaluated at
node Ni(i = 1, 2, 3, 4).
For the implicit integration solver, the derivation of the non‐linear
elastic force is indispensable and could be derived from F int, as
expressed in
dF ðNi Þ ¼

∂F int ðNi Þ
; ðj ¼ 1; …nElementÞ;
∂Uj

(9)

2.3.4

|

Visualization of the topological TMM model

which is the elementary analysis of the force and its derivation of

Based on the theoretical analysis of the linear elastic property on vas-

one node in a single element. For the global depiction of the force

cular model, we get a visually rendered topology structure of the ten-

on node Ni, all forces from the adjacent tetrahedron exerted on

sor‐mass force field, as shown in Figure 3.

the node Ni should be accounted and summed up altogether, as
expressed in

The mechanical model is simulated in a physical engine, Simulation Open Framework Architecture (SOFA),30 emphasizing on medical

FðNi Þ ¼

∑ F El ðNi Þ;

l∣El ∈ENi

(10)

simulation. Simulation Open Framework Architecture adopts a
multimodel mechanism that allows different rendering model with different data structure. The behavioural model in SOFA are not visible

where ENi is all the adjacent elements containing node Ni, the calculation of global forces could be referenced in Algorithm 2.

while visually rendering during the simulation, so we can decrease
the number of triangles for an increase on simulating frequency, which
will be described in detail in Section 2.5.
There are also other approaches to physically simulate the vascular model, such as FEM and MSM. To validate the efficient performance of TMM on vascular model, the other two conventional
physics‐based methods, including FEM and MSM, were implemented and discussed in the sequel section to have a comparison
with TMM.

2.3.5

|

TMM versus MSM

Mass‐spring model discretizes the vascular model into a topology
involving of a set of massless and elastic springs with stiffness as well
as damper elements and a cluster of nodes with mass.12
The MSM method was widely used in the field of medical surgery
simulation, and the essential issue lies on the parameters (such as stiffness coefficients and the damping coefficients) identification of the
model and the topological primitives of the MSM. In this paper, we
assigned the identical parameters of the spring on each node of the
spring network to simplify the model for the vascular model nearly
And the derivation of the global force is expressed as
∂F ðNi Þ
; ðj ¼ 1; …nElementÞ;
∂Uj
l∣El ∈ENi

has the same properties along the blood vessel. Secondly, the type
of topological primitive is also a key role in the modelling. Generally,

int

dF j ðNi Þ ¼

∑

(11)

there exists various kinds of topology for the MSM, and the triangular
and tetrahedral topology is the mostly used in MSM, and the proto-

for which the implementation could be referenced in Algorithm 3.

type can be illustrated as in Figure 4.
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(B)

FIGURE 3 Topological structure of the vessel model. A and B are the visual topology of the triangular tensor‐mass method (TMM) the
tetrahedral TMM, respectively. Left is the entity model; right is the wireframe model

triangular and tetrahedral mesh topology for the mechanical vascular
model can both be adopted in the virtual simulation, which is shown
in Figure 5.
Even though the spring network adopted the identical value for
the spring parameters for all the spring elements, the identification
of the proper and multiple configuration for the systematic parameters
in the spring network is a mandatory work. The biomechanical model

(A)

(B)

is customarily quantified to the mechanical parameters, such as

FIGURE 4 Triangular and tetrahedral representation of mass‐spring
model. A, Triangular topology. B, Tetrahedral topology

Young's modulus E and poison rate ν, which is the natural properties.
However, the spring's parameters are not assigned to be physically
meaningful. And the TMM is derived from the FEM, which is originated based on the continuous mechanics, which is independent on

The classical method for the force deduction in the spring mass

the whole topology. Therefore, once the blood vessel is ruptured
and the mesh topology is abruptly changed, the MSM system will be

system is expressed as

severely changed in mechanical behaviour, vice versa for the TMM
FðNi Þ ¼


 Ni Nj
∑ kij ‖Ni Nj ‖−lij
;
‖Ni Nj ‖
j∈RðNi Þ

(12)

system.
Furthermore, from the comparison of the formulation of the
elastic forces by TMM and MSM, respectively, as referenced in

where kij denotes the stiffness coefficient, and lij is the rest length of

Equation (10) and Equation (12), the computational complexity for

the spring between the two node. R(Ni) denotes all the nodes

TMM is nearly the same as MSM. Assuming that the average

connected with node i. This is the simplest model for the spring sys-

connecting point of one node is m, and the number of nodes is n,

tem, for which there are many researchers devoting to study other

the time complexity is Ο(n × m) for the MSM and Ο(n × m) + Ο(n)

complicated model, such as spring‐damping system. Generally, there

for the TMM. The most prominent defection of the MSM lies on

exists one essential challenge to design the MSM system, which

its spring max length. The length of NiNj will not deform and elon-

relies on the identification of the parameters of the spring in the

gate as referenced in Equation (12) if the upper limit of the max

MSM system. In this paper we identify the same value for the spring

length is reached, leading to the unreliability and inaccuracy of the

parameters of each spring and same mass value for each node. The

MSM.

(A)

(B)

FIGURE 5 Topological structure of the vessel model. A and B are the visual topology of the tetrahedral mass‐spring model (MSM), respectively.
Left is the entity model; right is the wireframe model
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2.3.6

|

TMM versus FEM

Finite element method, providing a continuous solution to the physical material according to continuum mechanics, is widely used to
model a linear elastic dynamic system. Tensor‐mass method is
deduced from FEM, which is sometimes quasi‐static linear. The formulation of linear FEM could be referenced Section 2.3.1 with the
Green‐St tensor described as linear to displacement of the node,
expressed as
ε¼


1 T
∇U ðV Þ þ ∇UðV Þ ;
2

(13)

FIGURE 7 Topological structure of the vessel model with finite
element method (FEM). Left is the visual model; right is the
wireframe model

which could be introduced to the elastic energy representation in
Equation (5). There is another technique to be adopted in the simulation of this quasi‐static approach called precomputation, which

In the interactive simulation of FEM, the precomputation tech-

helps to the acceleration of simulation integrated with FEM. The

nique is always adopted to enhance the frequency during a simulation,

essential idea of the precomputation method is the preprocess

while the loading process of the model could be a long time, including

and prestorage of the elementary deformation, and the global defor-

the preprocess of the model. Once the mesh topology is changed, the

mation could be combined from the elementary deformation while

deformation performance will be drastically effected only if the ele-

collision on the model is triggered. This method could be imple-

mentary deformation is reprocessed. From the simulation results in

mented in the following steps:

Section 3.3, TMM is approximately two times faster than FEM in
refresh rate.

1. Precomputation and prestorage of the stiffness matrix Μ of an
element consisting of each unit stiffness matrix on the edges
and the points according to Young's modulus and poison rate.

2.4

|

Solver and numerical analysis

To solve the dynamic physical system, the motion of a deformable

2. The global deformation, by using the linear combination, could be

object is submitted to the second Newton's law, which is discretized

computed from the elementary deformation, which could be eas-

to a differential equation as expressed in Equation (1). And after the

ily computed from the solution of the linear system governed by

computation of the force and its derivative, the mechanical

the stiffness matrix. This process may be illustrated as shown in

governing equation could be simplified to the relationship of acceler-

Figure 6.

ation and velocity with the resultant force and the mass, as
expressed in

Finite element method has been implemented as a method to
model the vascular model and the visually rendered topology structure

mi aðtÞ ¼ F i ðtÞ;

of the mechanical model of FEM is shown in Figure 7.

(14)

From the formulation of the two physical model, the TMM has
been integrated with non‐linearity in the representation of the strain

where mi is the mass of the node, a(t) is the acceleration of the node

tensor, and it is more appropriate and realistic to model these visco-

(second order derivative of the position), and F i(t) is the resultant

elastic tissue, such as blood vessels.

force on the node.

FIGURE 6

Linear combination of the elementary deformation to the global deformation in the simulation
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Ax = b, and the system could be solved by the conjugate gradient
method, which are implemented in Algorithm 4.

2.5 | Implementation of the vascular deformation in
SOFA
The presented methods are implemented and realized the deformation
simulation in SOFA (simulation open framework architecture),30 which
targets in interactive medical simulation, and the SOFA consortium
provides the open source code to support redevelopment. Simulation
Open Framework Architecture, an efficient physics‐based simulation
framework, provides many developed components to fabricate a virtual environment for the surgical training system and facilitate specialists from different fields for collaborations. Each component of the
framework, decomposed from many complex simulators, encapsulates
one of the aspects of a simulation, such as the degrees of freedom
(DOF), the forces and constraints, the differential equations, the main
loop algorithms, the linear solvers, the collision detection algorithms,
or the interaction devices. Furthermore, it is also convenient to create
a self‐designed virtual interactive scene and perform a simulation by
combining new algorithms and those already developed in SOFA,
which will be implemented in a XML (a markup language) file. Each line
of tag represents a component to realize a certain function, such as
the “MeshLoader” component being used to load a mesh model to
the system. These tags are organized in a tree‐like structure, which
is called a scene graph, as the vessel object node of the root node is
visualized and shown in Figure 8. When the simulation involves several objects, they are modelled as different branches in a scene graph
data structure. Scene graphs are popular in computer graphics due to
their versatility. The data structure is processed using visitors that
apply virtual functions to each node they traverse, which in turn apply
virtual functions to the components the node contains.
A formulation of the solution to the motion system could be ref31

erenced in Guo et al ; an integration scheme is needed to solve the
system. For the stability with large time steps, we adopted the implicit
solver to approximate the representation of the motion system; the
system will change to another state (velocity and position) with an
increment of time step h, which could be formulized as
8
d
d
d2
>
>
< Ui ðt þ hÞ ¼ Ui ðtÞ þ h 2 Ui ðt þ hÞ
dt
dt
dt
:
>
>
: U ðt þ hÞ ¼ U ðtÞ þ h d U ðt þ hÞ
i
i
i
dt

The vessel is modelled using three nodes in two levels. The parent
level contains the mechanical DOFs (particle positions and velocities)
in a “MechanicalObject” component. These DOFs are the mechanically
independent DOFs of the object, in Lagrange's formalism. The parent
node also contains components related to the dynamic characteristic,
such as mass and mechanical model, which is called a behavioural
model. There are other two nodes in lower level, whose coordinates
are totally governed by their parent node during the simulation. Map-

(15)

pings are used to compute their positions and velocities based on
those of their parent. The motion of the parent DOFs is mapped to
the children DOFs. The “VisualModel,” which is mapped unilaterally
from the behavioural model, has vertices for rendering, along with

By reformulating Equation (12) and Equation (13), this integration

other rendering data such as a list of polygons, normal, etc. As for

scheme could be expressed as a linear solution expressed in29

the collision model, when contact or mouse interaction forces is



∂F ðtÞ 2 ∂F ðtÞ
∂F ðtÞ
−h
ΔV ðtÞ ¼ hF ðtÞ þ h2
V ðtÞ;
M−h
∂V ðtÞ
∂UðtÞ
∂UðtÞ

exerted to the collision model, the forces are propagated bottom‐up
(16)

where M is the mass matrix, and F (t) and its derivative is available. By
using this equation, the increment on velocity ΔV(t) will be obtained,
d
from which the velocity and position at next time Ui ðt þ hÞUi ðt þ hÞ
dt
will be calculated by introducing the velocity ΔV(t) to Equation (15).
Equation (16) could be regarded as a linear system of equations, as

to their parent DOFs by “BarycentricMapping” component. This
allows the contact forces to be introduced to the dynamic equations.
Simulation Open Framework Architecture relies on several innovative concepts, in particular the notion of multimodel representation,
which is a solution to a balance between the efficiency and realism of
the simulation. In SOFA simulation, each object could have several
model representations, such as the vascular model in this paper as
shown in Figure 9, which displays a behavioural model, a collision
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FIGURE 8

A tree‐like scene graph of the vascular deformation simulation

FIGURE 9 Multimodel representation of the
vessel model. Upper left is the topology,
upper right is the visual model, down left is
collision model, and down right is visual
mapping and mechanical mapping among
multimodels

model, and a visual model for the vessel, respectively. The simulated

equations of the deformable model, and “CGLinearSolver” is applied

vascular model can similarly be represented using several models, each

to solve the dynamic equations to step forward the simulation, where

of them serves for different tasks such as the computation of elastic

the physics‐based method is the essential component to physically

forces, collision detection, haptics, or visual display. To ensure a con-

construct the mechanical vascular model. Any position‐based simula-

sistent simulation, these models are synchronized by using a mapping

tion will fail to simulate the deforming process of the object without

mechanism during the simulation.32

these two solvers.

The flexible multimodel mechanism of SOFA allows a better representation of the same vascular model in our system, in which the
physical model, the collision model, and the visual model with detailed

3

RESULTS

|

geometry and smooth surface share the same object in the virtual
environment. Each of them are designed and modified independently
of each other. The behaviour of all these models are consistent by

3.1

|

Experimental precondition and data material

mechanical mapping and visual mapping as shown in Figure 9, for

The VR‐based vascular deformation simulator is fabricated on a

which the corresponding implementation is described in boxes with

ThinkStation with 16 GB RAM, Intel Xeon(R) E5–1607 CPU and

different colors in Figure 8. In the behavioural model, the component

NVDIA GeForce GT 730 GPU. The validation simulation is performed

“EulerImplicitSolver” is used to construct the non‐linear dynamic

based on SOFA, which requires some other fundamental software.
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Versions of necessary software for SOFA configuration is Visual studio 2012, QT 4.8.5, Boost 1.6.2, and SOFA v16.08.
Interaction as well as realism and immersion plays a very significant role in VR‐based surgical simulator. Therefore, physical modelling
method for soft tissue model is indispensable while simulating deformation even cutting and tearing of the virtual tissue. Based on these
prerequisites, we need to interactively validate the efficiency and
accuracy whether the presented vascular model could fit the mechanical behaviour of vascular wall outperforming the other methods on
efficiency and realism. To achieve this goal of testing the performance
of the dynamic elastic model TMM and the other two classical
methods in physical modelling, a series of experiments were conducted

for

the

non‐linear

viscoelastic

simulation

of

vessel

deformation.
The visual model of the vessel in our simulator were created from

FIGURE 11

Response of the force to the deformation

the patient‐specific medical image computed tomography. The
patient‐specific

imaging

data

were

introduced

into

mimics

(Materialise's interactive medical image control system), which could
help to obtain the 3D data from computed tomography images after
image segmentation and reconstruction.33 Due to large amounts of triangles of the raw data, we need to simplify the model to relieve CPU
on computation and get a better performance in terms of frequency.
We imported the raw model data of the 3D virtual vessel into
Geomagic Studio to modify the model to a more structurally simple
one for preparation of the topological model, as shown in Figure 10.

3.2

|

Efficiency tests of TMM

The objective of this section is to validate the performance of TMM
based on the analysis of the strain, stress response to time.31 To verify
the practicality and reliability of the presented TMM model while simulating the non‐linear viscoelastic properties of the blood vessel, a set

FIGURE 12 Displacement response of three nodes under a constant
force for 3 seconds

of experiments were conducted to monitor three different nodes on
the triangular vascular model and test the relationship of force
response to strain on each node, as illustrated in Figure 11. The results
indicate that the stress‐strain (displacement) curve of each node is
clearly of the same trend and non‐linear, namely, the mechanical
model of the vessel is uniformly nonisotropic. We also recorded the
trajectories of three different nodes, for which the displacement
response of the three nodes to time is plotted in Figure 12, proving
the stability of the dynamic model during the simulation.
Figure 12 proves that certain nodes show steady and linear
motion during the global simulation of the vascular deformation. To
obtain a better configuration of the Young's modulus, we conducted

FIGURE 13

Forces response to the deformation on a single node

a set of experiments on the same node with different Young's modulus on the vascular model, as shown in Figure 13, which indicates that
force on the node increases nonlinearly with an increment of the
FIGURE 10

Vessel segmentation, reconstruction, and simplification

Young's modulus.
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The simulation results indicate that larger elastic modulus makes
the model stiffer and generates larger forces under a certain displacement. The trajectories of different moving nodes of the deformed
model exhibit relatively steady state during the simulation.

position and velocity of each node. Then the deformation of the vessel model are shown in Figure 14 and Figure 15.
In this paper, the other two physically based methods are also
implemented on the interactive simulation of the deformable vascular
model, including the MSM and the FEM cases, as shown in Figure 16
and Figure 17. To get a better comparison, the parameters of MSM

3.3 | Comparison of the performance with TMM,
MSM, and FEM

and FEM are unified by the transformation formulation based on the
approach by Bianchi et al,34 and parameters of FEM and TMM are
set the same values. It is obvious in Figure 16A that the deformation

The vascular model was stabbed by a medical instrument or dragged

model with triangular MSM performs unrealistically in vascular elastic-

by the mouse during the simulation. When an external force is exerted

ity, and the deformation is not resumable and inappropriate for the

on some nodes by a rigid object or the mouse dragging. The force

vascular simulation. However, the same mesh for TMM could gener-

information could be transmitted to the behavioural model, namely,

ate more realistic deformation, as shown in Figure 14 and Figure 15.

“TriangularTensorMassForceField” or “TetrahedralTensorMassForceField”

And it is obvious that the deformation with the TMM and FEM on

component. One of them works on computing the resultant force and

the same mesh topology both perform realistically, but the FEM model

another component works as a numerical linear solver calculating the

is more time‐consuming, leading to a reduce on frames per second
(FPS) as we will discuss in the sequel of this section.
In the related experiments adopting different physically based
methods during deformation simulation on the vascular model, small
deformation was performed by gently controlling the virtual medical
hook or the mouse loading the external force on the vascular model.
Firstly, the corresponding deformation simulation of different methods
was realized on triangular model of same topological data set. And the
refresh rate of the different cases (different methods on triangular and
tetrahedral mesh, respectively) are showed in Table 1, from which we
can see MSM and TMM are faster than the FEM on the same mesh data
size (the number of elements for the triangular mesh is 483, and the
number of nodes is 251; the number of elements for the tetrahedral
mesh is 1414, and the number of nodes is 461). The simulation frequency on triangular mesh is faster than that on tetrahedral mesh. However, tetrahedral topology shows more realism on vascular morphology
rather than triangular topology as we can see in Figures 15, 16, and 17.
Also, TMM and FEM performed more realistically than MSM both on
triangular and tetrahedral topology respectively based on the smoothness of the surface rendering and the nature of the morphology, as

FIGURE 14 Deformation of the surface vessel model using
triangular tensor‐mass method

FIGURE 15

shown in Figures 14, 15, and 17. Moreover, TMM is obviously improved
in frequency on the basis of FEM and runs faster than any of them.

Deformation of the volumetric vessel model using tetrahedral tensor‐mass method
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(A)

(B)
FIGURE 16 Deformation simulation of the surface and volumetric vessel model using triangular and tetrahedral mass‐spring model (MSM). A,
Triangular MSM method. B, Tetrahedral MSM method

Meanwhile, a set of perceptional tests were also performed for
five groups of surgical subjects for validation of dynamic stability

that different vascular models show various aspects of performance
in stability and realism.

of different physical models with a constant force exerting onto

With different sizes of the data sets for the vascular mesh, the

the same node on the vascular mesh. And the average testing results

corresponding refresh rate could be relatively different by pruning

based on a scoring rule could be referred in Table 2. The triangular

the mesh topology beyond a threshold value for assurance of realism.

topology was integrated for TMM as the testing model in the

We conducted a set of experiments on different sizes of the triangular

participants' evaluation. Table 2 follows the idea of Likert scale, in

and the tetrahedral mesh, and the corresponding results of average

which the participants are told to score subjectively with their atti-

refresh rate are visualized and illustrated in Figure 18. We can con-

tudes, ranging from 0 to 10. Value “0” indicate that they totally do

clude that TMM outperforms the other two classical physically based

not agree with the model with high performance in the item, for

methods in vascular modelling, and triangular topology simulates

which value “10” indicate that they totally agree with. From the per-

faster than the tetrahedral topology. Meanwhile, the frequency of

ceptional evaluation by the subjects in the table, we could conclude

the simulation linearly decreases to an increase on complexity of the
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FIGURE 17

Deformation simulation of volumetric vessel model using finite element method

TABLE 1 Refresh rate of different models on triangular and tetrahedral topology
Method

MSM

FEM

TMM

Frequency (Hz) topology

Max/min

Max/min

Max/min

Triangular mesh

202/191

…

256/240

Tetrahedral mesh

38/46

61/45

116/91

Abbreviations: FEM, finite element method; MSM, mass‐spring model;
TMM, tensor‐mass method.

TABLE 2 Subjects' perceptional evaluation of the vascular deformation on different mechanical models. (0: Totally not—10: Totally;
values represent the scores of the performance of different models)
Validity of contents

MSM

FEM

TMM

Continuity of the graphic images

9.5

8.0

9.5

Stability of the mechanical deformation

7.5

9.5

9.5

Fluency of the operation to the model

8.5

7.2

9.0

Stability

FIGURE 18 Simulation refresh rate to different sizes of the vascular
topology. Abbreviations: FEM, finite element method; MSM, mass‐
spring model; TMM, tensor‐mass method

Realism
Realism of the scene

7.6

9.0

9.2

Smoothness of the visual model

8.0

8.6

9.0

Effectiveness of the deformation

8.0

9.0

9.2

Realism of the deformation process

7.0

9.5

9.5

Usefulness of the mechanical model

8.5

8.6

9.0

9.5

8.0

9.5

Ease of operation

Abbreviations: FEM, finite element method; MSM, mass‐spring model;
TMM, tensor‐mass method.

any other medical simulation. In many previous literatures on VR‐
based surgical training system, the vascular model is mostly modelled
mechanically using MSM or FEM. The former one, MSM, exhibits
good practicality and efficiency in computing and system solving.
However, it cannot be integrated with real biological material parameters and can only be simulated in a specific case. The system parameters such as elastic coefficient and damping coefficient are
demandingly needed to be updated whenever the topology of the
model is changed. The latter one, FEM, is more time‐consuming

topology. Therefore, to achieve a balanced performance both in real

because of the large number of equations to be solved; nevertheless,

time rendering and realism, triangular topology of the TMM model is

it is more accurate in model representation for it has direct parameters

more appropriate in the simulator integrated with catheter/guidewire

of real biological tissues and performs realistically in mechanical

model and haptic device.

modelling and analysis. On the contrast, TMM deploys the internal
parameters, such as Young's modulus and Poisson rate derived from
FEM, while integrated with the non‐linear elasticity on the strain rep-

4

|

DISCUSSION

resentation. From the experimental result for TMM and MSM, it could
be concluded that TMM is as efficient as MSM in time complexity,

Refresh rate of realistic and real‐time simulation is an essential issue

which means it performs more realistic than MSM and twice as fast

while developing a VR‐based surgical training system, as well as in

as precomputation based FEM.
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In this paper, TMM is adopted as the mechanical model, which is
more accurate and realistic than MSM based on the parameters of biological material property and more efficient with a higher refresh rate
than FEM, which allows a strategy to accelerate the solution of the
dynamic non‐linear system. As described in Section 3.2, it has been
verified for efficiency and accuracy of TMM on vascular modelling.
Meanwhile, this physically based method was implemented to the vascular model in the interventional surgery training system. Also, real‐
time deformation experiments were conducted to test the reliability
and stability of the physical model based on the mechanical analysis
of the strain‐stress at several deformed points with a constant force.
Other experiments with five different values of Young's modulus to
identify the most proper one for the physical model. Therefore, in this
paper, the real‐time and realistic performance are validated compared
with the classical physically based methods, including MSM and
FEM. Then, we evaluated the simulation results of the vascular
model integrated with these methods on both triangular and tetrahedral mesh, which consequently show that TMM definitely is more
proper than MSM and FEM in real‐time and realistic vascular modelling. Not only the tetrahedral TMM is verified on the volumetric vascular model but also the triangular topology for the hollow‐shape
surface model was validated on vascular deformation simulation. As
a result, for a trade‐off of realism and real time rendering, triangular
TMM is proved to be the most appropriate physically based
method on vascular modelling in our VR‐based interventional surgery training simulator.
After the evaluation of the deformation simulation of the vascular
model, as an equally essential part of the endovascular interventional
surgical training system, a VR‐based catheterization subsystem, which
is currently being developed in our lab, should be integrated with the
deformable vascular model to fabricate a whole operational VR‐based
interventional catheterization training system. The stability, safety,
and practicability of the virtual training system will be preliminarily
verified in our future work and will be included in our future
publications.
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